This study develops the real-time maneuver library generation technique for performing aggressive maneuvers of fixed-wing aircraft. Firstly, the general maneuver libraries are defined, and then 7 th -order polynomials are used to create the maneuver libraries. The attitude command attitude hold (ACAH) system, the rate command rate hold (RCRH) system, and the speed command speed hold (SCSH) system using the proportional-integral-derivative (PID) control technique are designed to minimize the complexity of the flight control system (FCS) and to reduce the weight and volume of the payload. Moreover, the FCS is used for implementing tactical maneuvers. Finally, flight simulations are implemented for the longitudinal loop and Immelmann-turn maneuvers to check the usefulness of the proposed maneuver library generation technique. This study can affect the development of flight techniques for aircraft tactical maneuvers and the modification of air force operational manuals.
Introduction
The flight performance of manned or unmanned aircraft has to be maximized to perform the entire mission in dynamically changing environments such as battlefields. Most researchers have developed the flight path generation techniques by using a numerical optimization algorithm (NOA) to maximize the flight performance and to guarantee the survivability of aircraft [1] . However, the NOA has the two disadvantages. First, the NOA cannot guarantee the real-time flight path generation. The constraints and boundary conditions are defined when the flight path is generated. The increment of the number of constraints and boundary conditions reduces the calculation speed of NOA. To overcome this disadvantage, the parallel processing method is applied to the NOA. However, state-of-the-art processors using parallel processing methods raise the weight and volume of the payload. Also, the electric power consumption is increased. So, small aircraft cannot use the state-of-the-art processor. Second, NOA does not guarantee existence of solution satisfying the constraints and boundary conditions. This is the most critical disadvantage of NOA. So the NOA cannot be used in battlefields because the environment of battlefields rapidly changes. Finally, flight path generation using NOA is possible when designers know the physical characteristics and information of the target maneuvers. It means that the NOA cannot deal with unexpected situations. Therefore, a new algorithm has to be developed to perform the mission with tactical maneuvers. The main contributions of this paper are the development of real-time maneuver library generation techniques to overcome easily the disadvantages of NOA. Furthermore, the FCS is constructed by PID control technique to minimize the complexity of FCS and to reduce the weight and volume of the payload. The FCS uses the maneuver libraries to address simply the various types of aggressive maneuvers according to situations.
The existing techniques to perform the aggressive maneuvers have been examined to define the data type of maneuver libraries and to generalize the maneuver libraries. The existing researches associated with an aggressive maneuver are as follows. Ure et al. [2, 3] studied on the flight path generation to implement the missions for the unmanned combat aerial vehicle (UCAV). They also researched the control framework for aggressive maneuvers, using a sliding mode controller. Koo et al. [4] studied the conditions for flight maneuver transition and the diversity of flight paths according to combinations of maneuver. Wang et al. [5] proposed the flight maneuver identification method from flight test data. Moreover, they stored the data as libraries. Sankalp et al. [6] researched the maneuver library generation to ensure the stability of a rotorcraft in a given environment. However, they did not mention the definition of maneuver libraries. Bry et al. [7] checked the build of the flight control framework for tactical maneuvers of fixed-wing and quadrotor aircraft. Barry et al. [8] studied the autonomous obstacle avoidance algorithm for agile flight. Brian [9] researched the aerobatic maneuvers for fixed-wing aircraft by using a classical controller, whereas Willem [10] studied the aerobatic maneuvers for fixed-wing aircraft by using a nonlinear control technique. Edwards [11] and Tatsch [12] described the procedures of aggressive maneuvers for propeller-driven aircraft. The researches of Edward and Tatsch indicate that the aggressive maneuvers require the transition of flight controllers and maneuvers. van der Plas and Visser [13] optimized the flight path after dividing the flight path into several segments. Thomson and Bradley [14] researched the flight path generation method using polynomials, and Lee et al. [15, 16] studied the flight path generation using a polynomial and tracking control technique. The existing studies indicate that (1) the aggressive maneuvers have to be divided into several segments. Also, (2) a new concept of trajectories is required, which is not the flight paths. Finally, (3) the flight controllers have to be transitioned to perform tactical maneuvers and must be simple. Thus, these concepts have to be converged into the development of a real-time maneuver library generation technique and multi-FCS to perform the tactical maneuvers.
This study tries to show the usefulness of the suggested method by performing tactical maneuvers with the combination of general maneuver libraries and the transition of FCS. Thus, the general maneuver libraries and the modal inputs are defined. In particular, the modal inputs are used to distinguish the general maneuver libraries, and they are the key parameters for generating maneuver libraries. Then, the general maneuver libraries are established by 7 th -order polynomial. The attitude command attitude hold (ACAH) system, the rate command rate hold (RCRH) system, and the speed command and speed hold (SCSH) system are designed as FCS to perform the tactical maneuvers through the combination of maneuver libraries. Finally, flight simulations for the longitudinal loop and the Immelmann-turn maneuvers are performed to verify the possibility of realization of the proposed method.
The rest of this paper is organized as follows. Section 2 introduces general maneuver libraries, and Section 3 describes the creation of maneuver libraries based on a 7 th -order polynomial. Section 4 deals with the design of the FCS. Section 5 analyzes the flight simulation of tactical maneuvers. Section 6 is the conclusion of this research. Figure 1 indicates a procedure of the air-to-surface mission. In (2) , the terrain-masking maneuvers are implemented from the front line. In (3) and (4), the target may be successfully hit by performing the various tactical maneuvers to avoid the enemy radars and surface-to-air missiles. In (5) , the terrainmasking maneuvers are implemented again to exit the mission area. Therefore, aggressive maneuvers are needed in the areas of (2)-(5) [17] . The maneuver properties of (1)-(5) are described in Table 1 .
General Maneuver Library
The maneuver libraries have to be generalized as in Table 2 to perform the tactical maneuvers. In particular, each maneuver library has several modal inputs and the FCS. The modal inputs are the most basic state variables to distinguish the maneuver libraries. Thus, the trajectories of modal inputs have to be created, which are the new concept of trajectories in this research. The new concept of trajectories is defined as maneuver libraries. So generating maneuver libraries is the same as creating the trajectory of modal inputs. The FCS must track the trajectory of modal inputs to perform the aggressive maneuvers. Thus, the modal inputs define the aggressiveness and precision of tactical maneuvers, and they are used as a reference signal for FCS. The detailed information is described in Ref. [18] .
The angular rates, attitude angles, rate of altitude, angle of attack, and flight velocity have to be measured to use the trajectory of modal inputs as reference signals for FCS. The angular rates ½p q r T and the attitude angles ϕ θ ψ ½ T can be measured by a gyro sensor. Also, the angle of attack α, rate of altitude _ h, and flight velocity V T are measured by pitot tube. However, the angular accelerations cannot be measured by a gyro sensor. Most gyro sensors do not provide the value of angular accelerations. Thus, the angular accelerations are not used as modal inputs. This research is assuming that the wind disturbances and the sensor noise do not exist while measuring the variables such as angular rates, attitude angles, rate of altitude, angle of attack, and flight velocity. Thus, the FCS does not consider the noise cancel technique.
Maneuver Library Generation
This research tries to generate maneuver libraries by using the 7 th -order polynomials. The reason why a polynomial is employed is that a polynomial can overcome the two disadvantages of NOA [15] . The disadvantages of NOA are already described in Section 1. Several solutions to overcome the disadvantages of NOA have been suggested. However, complete solutions have not yet been developed. This study utilizes the polynomial to generate the maneuver libraries. The polynomial can guarantee the real-time maneuver library generation while satisfying the required boundary conditions or constraints.
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International Journal of Aerospace Engineering Thomson and Bradley [14] had suggested the acceleration model to generate the trajectory, which is used for generating the helicopter flight path. In this study, the acceleration model suggested by Douglas Thomson and Bradley and 7 th -order polynomials are used for generating maneuver libraries.
As shown in Figure 2 , the acceleration model to generate the maneuver libraries is divided into 5 phases such as the entry, maximum acceleration, transition, minimum accelera-tion, and exit phases to reflect the required aggressiveness of the maneuver. In particular, the durations of the entry and exit phases mean the aggressiveness of the maneuver. The trajectory of each phase can be generated by a 7 th -order polynomial.
3.1. Entry Phase. The aggressiveness for tactical maneuvers is associated with the time interval Δt 1 and _ ω max . Here, Δt 1 is the time interval for the entry phase, and _ ω max is the Table 1 : Maneuver properties of the air-to-surface mission [18] .
Mission phase Maneuver property Element category of mission task
(1) Take-off, operations in the safe zone Nonaggressive/nonprecision tasks Category B (2) Ingress terrain following in the enemy zone Aggressive/precision tasks Category A
(3) Ingress to the threat zone/approach to target/target acquisition and missile engagement Aggressive/precision tasks Category A (4) Egress maneuver from the highly threatened zone Aggressive/nonprecision tasks Category D (5) Egress terrain following in the enemy zone Aggressive/precision tasks Category A (6) Landing, operations in the safe zone Nonaggressive/nonprecision tasks Category B Table 2 : General maneuver libraries, modal inputs, and FCS for each maneuver [2, 18] . 3 International Journal of Aerospace Engineering maximum acceleration for the maximum acceleration phase and minimum acceleration phase. If
Maneuver library State constraints Modal input Controller
_ ω max should be numerically calculated to satisfy the boundary conditions when Δt 1 has been determined [16] . _ ω max 0 is the initial value for calculating maximum acceleration, which can be defined by Equation (1). Then, _ ω max will be calculated by the Newton-Raphson numerical method to satisfy the boundary conditions [16] :
where θ 0 and θ f indicate the initial and final conditions, respectively. To easily generate the trajectories, θðtÞ for the entry phase, the nondimension time variable τ is used instead of the real-time variable t as shown in
The trajectory of θðτÞ, ωðτÞ, and _ ωðτÞ can be defined as shown in
The 7 th -order polynomial has 8 coefficients, so the 4 initial conditions and the 4 final conditions are necessary to generate the θðτÞ. These 8 conditions are used as boundary conditions for generating θðτÞ. Thus, the Figure 2 : Modeling the acceleration for trajectory [14, 18] .
boundary conditions to generate the trajectory θðτÞ are defined as shown in 
Here, "0" means the initial time and "1" means the final time in the nondimensional time interval. The maximum acceleration at "1" for the entry phase is the key variable because the maximum acceleration is used to define the final conditions constructed by derivatives of equal to or higher than the second order for θðτÞ. The final conditions are used to provide the smoothness of the created trajectory.
From Equation (4), the four coefficients a, b, c, and d are simply calculated by initial conditions, and the other coefficients e, f , g, and h are computed by final conditions as shown in Equation (5) . Furthermore, e, f , g, and h can be easily determined by Equation (6). 2   6  6  6  6  6  4   3   7  7  7  7  7  5 :
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The trajectory generation of the entry phase is finished by allocating the 8 coefficients to θðτÞ. However, the trajectory θðτÞ is generated in a nondimensional time domain. Thus, the created trajectories such as θðτÞ, ωðτÞ, and _ ωðτÞ should be transformed to the real-time domain from nondimensional time domain as shown in
3.2. Maximum Acceleration Phase. The procedure of trajectory generation is the same with the entry phase. However, the boundary conditions are different with the entry phase since the maximum acceleration is maintained as constant. So, θðτÞ can be defined as a 2 nd -order polynomial. Thus, the boundary conditions and trajectories of θðτÞ, ωðτÞ, and _ ωðτÞ are defined as like Equations (9) and (10) . ,
θðtÞ, ωðtÞ, and _ ωðtÞ can be defined by Equation (7).
Transition Phase.
The acceleration is transitioned from maximum value to minimum value in this phase. So, the boundary conditions are defined as like the following:
The six coefficients of the _ ωðτÞ are calculated in the same manner with Equations (5) and (6) . However, θðτÞ and ωðτÞ have to be defined by integrating _ ωðτÞ. By utilizing Equation (10), θðτÞ, ωðτÞ, and _ ωðτÞ are defined as follows: 
Also, θðtÞ, ωðtÞ, and _ ωðtÞ for the transition phase can be defined by Equation (7).
Minimum Acceleration
Phase. This phase maintains the acceleration to minimum value. The boundary conditions and the procedure of defining the polynomials are the same with the maximum acceleration phase. 
Also, the coefficients f , g, and h can be easily computed by Equation (16) , and θðtÞ, ωðtÞ, and _ ωðtÞ for the exit phase can be defined by Equation (7). 
Then, we should find the _ ω max to create the trajectories θðtÞ, ωðtÞ, and _ ωðtÞ satisfying the boundary conditions in the given time interval. If _ ω max is not the optimal value, the trajectory satisfying the boundary conditions cannot be generated. We use the Newton-Raphson method to calculate the _ ω max satisfying the boundary conditions to avoid this problem.
3.6. Calculation of the Maximum Acceleration. Figure 3 
Update the · max , e i · max i+1 → · max , e i+1 → e i · G -1 · (e i+1 -e i ) ≤ ? Figure 3 : Exact maximum acceleration calculation with the Newton-Raphson method [18] . Table 3 : Parameter description for Figure 3 . International Journal of Aerospace Engineering as shown in Figure 3 is divided into two sections. The sections are distinguished as a green box and a blue box. The section expressed by the green box indicates the procedure of calculating the initial _ ω max , whereas the section written by the blue box shows the procedure of iterative calculation of _ ω max satisfying the boundary conditions. The parameters in Figure 3 are described in Table 3 .
Briefly describing Figure 3 , the initial trajectory is generated after defining the boundary conditions in the section of the green box. Then, the trajectory is reproduced by _ ω max 0 + Δ in the section of the blue box. The regenerated trajectory is used as the initial trajectory for iterative computation. The error e i+1 between the final value θ i+1 t 5 of the regen-erated trajectory and the boundary conditions θ f at the final time is computed. The error e i+1 is computed for each calculation. Next, the error gradient G is calculated, which is used to update _ ω max . Finally, the tolerance check is implemented. If the error tolerance is satisfied, the computation algorithm ω max is terminated. The attitude trajectory is produced after specifying the boundary condition as shown in Table 4 in order to check whether the trajectory can be generated by the proposed method or not. Figures 4-6 indicate the generated trajectories θðtÞ, ωðtÞ, and _ ωðtÞ by using polynomials and the Newton-Raphson method. The maximum acceleration _ ω max has been calculated as 38 (deg/s 2 ). So, the boundary conditions defined by Table 4 have been satisfied, and the trajectory θðtÞ associated with modal inputs is computed, which is physically reasonable. Therefore, the proposed method with 7 th -order polynomials and the Newton-Raphson method to generate the maneuver libraries are feasible.
Design of the Control law
This section deals with the design of the control laws for tactical maneuvers. The ACAH system, RCRH system, and SCSH system are designed with the PID control technique. The reason why the PID control technique has been used is that we want to check the usefulness of the control system using maneuver libraries. If the control system using maneuver libraries with the PID control technique can successfully implement the tactical maneuvers, the aggressive maneuvers of fixed-wing aircraft can be performed without a complex algorithm of the flight path generation, guidance, and control technique, which can guarantee real-time flight control. Furthermore, the weight and the volume of the payloads can be reduced. Figures 7 and 8 are the structure of the ACAH system and RCRH system with the SCSH system, respectively. The detailed information for designing the ACAH system, RCRH system, and SCSH system using the PID control technique can be found in Refs. [19] [20] [21] [22] . These FCSs are allocated to each maneuver library as shown in Table 2 . So, the control systems have to be switched when the maneuver libraries change.
In Figures 7 and 8, u u is the control deflection angle ½δ a δ e δ r T . The control deflection angles mean the deflections of the aileron, elevator, and rud-der. G 1 ðsÞ, G 2 ðsÞ, and G 3 ðsÞ are the PID controller. 6 DOF (degree of freedom) is the flight dynamics model. Figure 9 indicates the shape of a KLA-100 sports light aircraft. The configuration data of the KLA-100 has been defined in Table 5 .
Application
The two type of maneuvers which are the longitudinal loop and the Immelmann-turn are performed to check the applicability of the proposed FCS using maneuver libraries.
Longitudinal Loop Maneuver.
The longitudinal loop is a maneuver rotating 360 deg around the pitch axis. The procedures for implementing the longitudinal loop maneuver can be found in Ref. [23] . Table 6 is the combination of maneuver libraries for the longitudinal loop. The maximum flight speed of the KLA-100 aircraft has been defined as 240 km/h. However, the maximum speed is limited by aircraft flight instruction because the maximum speed can damage the engine such as engine failure. Therefore, the flight speed for simulation is defined as 200 km/h to avoid engine failure.
The modal inputs for a level flight in Table 6 follow the trim value calculated at 200 km/h. To implement the longitudinal loop, the value of _ θ has to be determined because the radius of the longitudinal loop is calculated by _ θ. The relation between _ θ and the radius of the longitudinal loop is defined as r loop = V T / _ θ [2] . The analysis results are illustrated in Figure 10 . It is judged that a faster rotation speed than Figure 10 shows that the 40 deg/s is the appropriate angular rate for _ θ. So, the best radius of the longitudinal loop is 70 m. The analysis result is applied to Table 6 . Figure 11 displays the simulation results of the longitudinal loop. Figures 11(a) and 11(b) illustrate the flight path and velocity for the longitudinal loop, respectively. Figure 11 (b) shows that the vertical velocity w is dramatically increased during the longitudinal loop maneuver. This means that the longitudinal loop maneuver is a high angle of attack (AOA) operation. Figure 11(c) indicates the trajectory of the angular rates during the maneuver. The pitch rate q has been maintained around 40 deg/s. The roll rate p and yaw rate r are maintained around 0 deg/s. The 40 deg/s and 0 deg/s are used as command signals for FCS. So, the RCRH system using the PID control technique is properly designed, and the longitudinal loop maneuver can be performed without the nonlinear control technique. Figure 11(d) is the simulated trajectory of the attitude angle. The roll angle ϕ is suddenly changed by about 5 s, which means the aircraft performs the upside-down flight. The roll angle is recovered to 0 deg to implement the level flight after finishing the loop maneuver. The variation of pitch and directional angles is physically correct to complete the longitudinal loop maneuver. Therefore, the longitudinal loop maneuver can be successfully performed by the proposed FCS using maneuver libraries.
5.2.
Immelmann-Turn Maneuver. The Immelmann-turn maneuver is a highly aggressive maneuver to reverse the flight direction. The maneuver is constructed by a level flight, half-loop, and roll maneuver. The Immelmannturn maneuver is finished when the aircraft direction is changed to opposite with the level flight. The flight simulation for the Immelmann turn is implemented by a combination of maneuver libraries like in Table 7 . In particular, _ ϕ is used as the modal input for the roll maneuver, and it is defined as 60 deg/s to change the roll angle from 180 deg to 0 deg. Figure 12(b) , the vertical velocity w is extremely raised while performing a half-loop maneuver. The characteristic of the loop maneuver has already been mentioned in Figure 11 . The lateral velocity v is extremely increased while implementing the roll maneuver, which highly raises the side force. Here, v is increased to approximately -13 m/s, which means the maneuver library to cancel the side force has to be defined. In Figure 12 (c), the pitch rate q is maintained around 40 deg/s during the half-loop maneuver while maintaining the roll and directional rates as 60 deg/s and 0 deg/s, respectively. So, it is judged that FCS has been well operated and designed to perform the Immelmann-turn maneuver. Figure 12(d) illustrates the variation of attitude angles. The attitude angles are changed as expected, which are physically reasonable. Consequently, the Immelmann-turn maneuver 
Conclusion
The real-time maneuver library generation technique and the FCS using general maneuver libraries have been suggested and validated in this research. The required tactical maneuvers to implement the typical air-to-ground mission can be constructed by combination of maneuver libraries. Each maneuver libraries to implement the tactical maneuvers can be defined by the several modal inputs and the FCS using the PID control technique. Thus, the generation of maneuver libraries is the same with creating the trajec-tory of modal inputs. Here, each maneuver library is generated by a 7 th -order polynomial. The FCS are designed for three types of control systems such as the ACAH system, RCRH system, and SCSH system, which satisfy the aggressiveness of tactical maneuvers. Finally, the series of flight simulations have been implemented for longitudinal loop and Immelmann-turn maneuver to examine the effect of the suggested FCS.
The longitudinal loop maneuver is built by three maneuver libraries that are the level, loop, and level flight. The ACAH system, RCRH system, and SCSH system track well the trajectory of modal inputs. The flight simulation results show that the longitudinal loop maneuver can be successfully implemented by maneuver libraries with FCS using the PID (i) ACAH system (ii) SCSH system 11 International Journal of Aerospace Engineering control technique. The Immelmann-turn maneuver additionally includes the 180 deg roll maneuver. The RCRH system is the main controller to perform the half-loop and the roll maneuver. So, the RCRH system is the key control system that leads the completion of the Immelmann-turn maneuver.
Typically, these two maneuvers are the key tactical maneuvers in battlefields. All tactical maneuvers can be performed by the suggested techniques, and new tactical maneuvers for fixed-wing aircraft, rotorcraft, and compound aircraft can be developed by the proposed techniques. Moreover, the tactical maneuvers can be implemented in real time. Therefore, it is judged that all of the tactical maneuvers were significantly performed by the proposed maneuver libraries and FCS, which can contribute to developing micro aircraft and enhance the survivability of manned and unmanned aircraft in complicated battlefields.
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